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Abstract 
Composite materials have been selected as the material of choice for structural, mechanical and sporting applications for a 
number of years due to their high stiffness/weight ratio. However composites also exhibit a superior level of damping over most 
metals and ceramics. Their damping characteristics however are governed by strain, strain rate, geometry and temperature. This 
study presents the effects of the first three factors on the damping of composites over a range applicable for golf shafts, by testing 
11 carbon fibre composite panels of varying orientations and geometry under cantilever frequency testing. 
 It has been established that the levels of strain and strain rates observed in golf shafts will not cause any noticeable change in the 
damping characteristics and thus low strain/strain rate testing will be sufficient to characterise the dynamic performance of the 
shaft. However, geometry showed a noticeable change in damping, therefore in order to obtain an accurate level of damping the 
correct aspect ratio (length/width) must be used. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Energy absorption by means of material damping is becoming more important in reducing unwanted oscillations 
[7] especially in sports applications. For this high damping materials can be used, but usually this is accompanied by 
a decrease in the stiffness of the component. Carbon fibre composites (CFCs) due to their mixture of constituent 
parts comprising of a high stiffness low damping reinforcement and a low stiffness high damping matrix offer the 
possibility of developing a high stiffness high damping composite by the correct volume fraction of these parts.  
The loss factor (η) can be determined in several ways, as indicated by Equation 1. Upon cyclic loading the phase 
angle between the stress and strain sinusoids (δ) is used to calculate damping; the loss modulus (E’’) divided by the 
storage modulus (E’) can also be used; or the half power bandwidth can be used to give the quality factor (Q). All 
methods are theoretically as good as each other, however, in reality, testing procedures will always introduce some 
damping, thus careful consideration needs to be taken to ensure that this is kept to a minimum [1,9] 
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Although effects of strain and strain rate on the properties of composites have been observed these parameters 
have not been fully mapped in order to determine whether quasi-static testing fully characterises the dynamic 
damping of CFCs in applications such as a golf shaft during a swing. Betzler and Slater (2009) reported strains and 
strain rates of up to 0.4 % and 0.1 s-1 respectively for the downswings of 3 different stiffness shafts. For these values 
it was determined that no significant change in stiffness was seen in the shaft during a swing, although damping 
during these swings was not measured. Berthelot (2005) studied the effect of frequency, panel width and bending 
modes on loss factor. It was shown that by increasing frequency (and thus strain rate) from 50 to 600 Hz, increased 
the loss factor by as much as 18 % in Kevlar fibre reinforced polymer (KFRP) and 26 % for glass fibre reinforced 
polymer (GFRP), with 0° panels showing the least dependence of strain rate. A significant change in loss factor was 
observed when changing the length/ width ratio from 5 to 100. These trends are generally reported for damping 
studies on composite systems [5,8]  
Adams and Bacon (1973) suggested a theoretical model to predict the overall loss factor based on the fibre 
orientation (Equation 2), although this does not account for strain, strain rate or panel geometry. This model has 
been shown to be very accurate when dealing with small oscillations of thin unidirectional laminates, however its 
applicability to the golf shafts still remains uncertain, unless the factors mentioned are accounted for or are proved 
insignificant. This point is being investigated in this study: 
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Where  is the total specific damping capacity (2πη), %

 is obtained from compliance matrix of the material in 
the direction of the loading axis, ! and  !  are the transverse and shear specific damping capacity respectively 
and (! and ) ! are the transverse and shear moduli respectively. 
2. Methods 
Eleven carbon fibre composite panels of varying dimensions and orientations were fabricated from laminates of 
T800H/MTM28-1, unidirectional plies with a fibre volume fraction of 0.55 (Table 1). Panels were cured at 125 °C, 
after a heating rate of 0.5 °C/min and held for 1 hour before being cooled to room temperature at 3 °C/min. 
Each panel was clamped for a distance of 10 mm from one end, whilst two 10 g iron-neodymium-boron magnets 
were attached at the other, Figure 1. An electromagnet was used to impart a sinusoidal force to the panel to give the 
desired oscillation. This was achieved by connecting the electromagnet to an amplifier and a signal generator where 
both frequency and magnitude could be altered. Each panel was fitted with a Kyowa uniaxial strain gauge (type 
KFG) to monitor the oscillation. Panels were oscillated about their fundamental frequency and the amplitude was 
altered to change strain and strain rate. 
Table 1: Panel orientation and geometry. 
Panel 
Number 
Orientation 
(°) 
Width 
(mm) 
Length 
(mm) 
Aspect Ratio 
(Length/Width) 
1 0 30 65 2.17 
2 10 30 65 2.17 
3 20 30 65 2.17 
4 30 30 65 2.17 
5 40 30 65 2.17 
6 50 30 65 2.17 
7 60 30 65 2.17 
8 90 30 65 2.17 
9 0 105 190 1.8 
10 45 105 170 1.6 
11 90 65 150 2.3 
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Fig. 1. Experimental setup for measuring damping. 
The signal from the strain gauge was then analysed by Fast Fourier Transform, and damping being determined by 
the half power bandwidth method.  
Panels were also subject to a simple uniaxial tensile test using a Zwick Z100, where basic mechanical properties 
were analysed. Panels were strained to 1 % at a rate of 0.01 %/s in order to obtain the quasi-static stress/strain 
response of the material. 
3. Results 
Frequency testing of panels 1-8 showed no noticeable effects of strain/strain rate on loss factor (Fig. 2), previous 
work by Slater and Betzler (2009) showed that modulus was dependent on strain rate at rates above 0.4 s-1, and 
showed an increase in dependence with increasing orientation away from the loading axis. The lack of dependence 
of the loss factor on strain rate over this range is consistent with the earlier results concerning modulus. There is a 
clear difference however, in the effect of orientation on the loss factor, which is highly dependent on the shear loss 
factor  (η12), transverse or matrix loss factor (η2) and the longitudinal/transverse moduli ratio (E1/E2).  
Fig. 2. The effect of strain rate on loss factor on different fibre orientations. 
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Uniaxial tensile testing results (Fig. 3) for these composite panel lay-ups showed a linear elastic response up to 
around 0.5 % strain, suggesting no change in molecular motion through this range, which should result in no change 
in internal friction and is consistent with the lack of variation in damping. Previous research, Jones (2001), has 
determined that for polymers which show predominantly a linear elastic response to strain, damping will remain 
constant even when subjected to a high strain amplitude, however some elastomers will show a linear response at 
low amplitudes (strains of 0.1) but a non-linear response at higher amplitudes due to the increase in chain slippage.  
Fig. 3. Examples of Force/Deflection for 3 of the panels. 
Fig. 4. Loss factors for panels 1-11. 
Fig. 4 shows how η changes with fibre orientation (θ) and panel aspect ratio for the 11 panels tested. A clear 
dependence of loss factor on θ can be observed, but this figure also shows a dependence of loss factor on the aspect 
ratio. Panel 10 is a 45° panel with an aspect ratio of 1.6, however its η values falls between the orientations of panels 
4 and 5 (30 - 40°) with an aspect ratio of 2.17, i.e. a lower aspect ratio reduces the effective orientation of the fibres 
with respect to damping. This suggests that fibre clamping conditions will play a greater role on the overall damping 
than the strain and strain rates. These effects can be seen in work done by Berthelot (2005), where an increase in the 
aspect ratio from 5 to 100 in a ±30° composite, increases η by 0.0045 for KFRP and 0.003 for GFRP whereas by 
increasing frequency from 50 to 600 Hz for the same orientation increased η by 0.005 and 0.003 for the KFRP and 
GFRP respectively. 
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It can be seen in Fig. 5 that the predictions of Equation 2 agree well with the data obtained from frequency testing 
for panels with a constant aspect ratio. However, Equation 2 will not deal with the dependence of loss factor on 
panel aspect ratio. Aspect ratio variation will alter the shear properties and interfacial slippage between fibres and 
matrix for a given orientation. This can be dealt with by considering the proportion of clamped and unclamped 
fibres and Equation 2 will need to be modified to incorporate this factor. However, it is evident that through analysis 
of the mechanical properties for a specific aspect ratio errors in loss factor prediction can be kept to a minimum. 
Fig. 5. Experimental and predicted loss factor variation with orientation. 
As noted previously during a swing, strains and strain rates rarely exceed 0.4 % and 0.1 s-1 respectively [3, 4, 10]. 
This would suggest that quasi-static testing will be sufficient to characterise the dynamic damping of the shaft 
during a swing provided that the strains remain in the linear elastic region of the composite. 
4. Conclusions 
Eleven panels of varying fibre orientations and geometry were subject to a range of strains and strain rates in 
order to determine any changes in loss factor (η). When panels were subjected to increasing strain and strain rate (up 
to 0.11 % and 0.4 s-1 respectively) no noticeable change is loss factor was observed. This agreed well with tensile 
testing showing the linear elastic region ended at around 0.5 %. This therefore has shown that within this range, 
which is applicable to golf shafts, quasi-static, low strain testing is sufficient to fully characterise the material. 
Panels of varying geometry were also tested, and although no changes in the 0 and 90° panels were seen, a lower 
aspect ratio for the 45° panel resulted in a noticeable decrease in loss factor as aspect ratio decreased. Therefore in 
testing the damping performance of a shaft aspect ratio needs to be incorporated. 
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